Introduction {#sec1}
============

Numerous biological processes, including immune recognition,^[@ref1]−[@ref3]^ animal development,^[@ref4]−[@ref8]^ and the misregulation of development in cancer cell progression,^[@ref9]^ involve signaling interactions across cell--cell junctions. In this juxtacrine configuration, ligands and receptors bind to each other from apposed cell surfaces. Supported lipid membranes can reconstitute functional juxtacrine signaling interfaces with living cells and have been a useful tool to study and manipulate these interactions.^[@ref10]−[@ref19]^ Protein ligands that would naturally occur on one cell surface are instead synthetically coupled to the supported membrane. The lateral mobility of the supported membrane enables these ligands to diffuse and assemble into functional clusters as they engage their cognate ligands on the adjacent live cell surface. Such signaling clusters are emerging as a general phenomenon common to many juxtacrine signaling interactions.^[@ref20]−[@ref22]^ Recent studies on the Eph^[@ref23]−[@ref26]^ and EGFR^[@ref27]−[@ref29]^ families of receptor tyrosine kinases (RTKs) indicate that heterooligomerization of proteins within signaling clusters may exert additional layers of regulatory control. The increasing numbers of therapeutic bispecific antibodies entering clinical trials^[@ref30],[@ref31]^ suggest that it may be possible to modulate signaling cluster content with therapeutic benefit. With the goal of extending the utility of supported membranes for the study of complex, multicomponent clusters and the demonstrated success of DNA-based protein assembly,^[@ref32]−[@ref38]^ we report here a DNA-based assembly strategy to associate proteins with membranes and to control their assembly into defined heterodimers or higher-order oligomers.

Results and Discussion {#sec2}
======================

Thiol-functionalized DNA was coupled to maleimide-functionalized supported membranes. Unlike strategies that incorporate long alkyl chains onto DNA during solid-phase synthesis,^[@ref39],[@ref40]^ this strategy permitted DNA conjugation to preformed membranes. In this study, supported membranes with a 1:20 molar ratio of maleimide functionalized phospholipids to 1,2-dioleoyl-*sn*-glycero-3-phosphocholine were used. The supported membrane was prepared in phosphate buffered saline (PBS, 10 mM phosphate buffer, 150 mM NaCl) by vesicle deposition on clean glass, as described in the [Supporting Information](#notes-1){ref-type="notes"} (SI). Attachment of the DNA and lateral fluidity of the membrane were confirmed by fluorescence recovery after photobleaching (FRAP) after treating the supported membrane with 20 nt single-stranded DNA (ssDNA) bearing a 5′-thiol modifier and a 3′-6-carboxyfluorescein (FAM) moiety (Figure [1](#fig1){ref-type="fig"}a).

![Conjugation of DNA oligonucleotides to a supported membrane. (a) A representative FRAP characterization of a supported membrane with fluorescently labeled ssDNA is shown. The scale bar represents 10 μm. The graph shows the intensity profiles along the white lines. (b) The surface density of coupled DNA can be varied over a large concentration range. The error bars represent the standard error of the mean from multiple images.](ja-2012-101215_0001){#fig1}

![Analysis of fluorophore heterodimers with FCCS. (a) A diagram is shown for a PIE-FCCS experiment. Excitation light is interleaved to allow time-resolved data collection, as shown in the graph, and thus removal of the contribution of fluorescence signal bleedthrough to cross-correlation. (b) FCCS analysis indicated the codiffusion of the DNA-bound fluorophores, suggesting that they had formed a heterodimer. Fits to the data are shown as solid lines. Fit residuals are shown in the inset in the corresponding colors. (c) The table compares the relative cross-correlation amplitudes to the lower of the two autocorrelation amplitudes, including positive and negative control samples (shown in [SI](#notes-1){ref-type="notes"}, Figure S5).](ja-2012-101215_0002){#fig2}

The surface density of conjugated DNA was quantified using membrane standards with known lipid fluorophore surface densities (Figure S1 in the [SI](#notes-1){ref-type="notes"}).^[@ref41]^ Conjugation of 20 nt and 41 nt ssDNA to supported membranes and hybridization of TEX615 or Alexa Fluor 488 (AF488) labeled complementary strands to the resulting samples allowed quantification of the DNA on the membrane surface by comparing the observed fluorescence intensities of the DNA samples to those of the membrane standards. Surface density of DNA increased proportionally to the concentration of thiol DNA that was applied (Figure [1](#fig1){ref-type="fig"}b). With incubation concentrations of DNA in the low micromolar range, surface densities in the range 0--3000 strands/μm^2^ were observed. The density of many cell surface proteins is \<3000 molecules/μm^2^.^[@ref13],[@ref42]−[@ref45]^ Addition of thiol DNA in concentrations above 6 μM resulted in further increases in measured surface density; however, larger variations between identical samples were observed, and the relationship between surface density and incubation concentration became nonlinear. ssDNA, 41 nt, coupled to the supported membrane less efficiently than 20 nt ssDNA under the same conditions (PBS, pH 7.4), but the use of pH 8.5 borate buffered saline (BBS, 10 mM borate, 150 mM NaCl) as a higher pH buffer yielded surface densities of 41 nt ssDNA very similar to those of 20 nt ssDNA coupled at the lower pH (Figure [1](#fig1){ref-type="fig"}b).

For the assembly of more complex structures, we designed DNA heterodimers using previously published assembly sequences.^[@ref46]−[@ref48]^ Several strand configurations were evaluated, as shown in [SI](#notes-1){ref-type="notes"}, Figure S3. Of these, a particularly successful strategy for the formation of four-strand "Y"-shaped structures was selected (Figure [2](#fig2){ref-type="fig"}b and [SI](#notes-1){ref-type="notes"}, Figure S4).

The two arms of the branched structures were labeled with green and red fluorophores, as shown in Figure [2](#fig2){ref-type="fig"}b, allowing characterization by two-color fluorescence cross-correlation spectroscopy (FCCS)^[@ref49]^ with pulsed interleaved excitation (PIE,^[@ref50]^ see Figure [2](#fig2){ref-type="fig"}a and experimental diagram in [SI](#notes-1){ref-type="notes"}, Figure S2). FCCS has been used to characterize binding characteristics of biomolecules,^[@ref51],[@ref52]^ enzymatic activity,^[@ref53]^ and clustering in cell membranes.^[@ref54]^ PIE eliminates artifactual cross-correlation from fluorescence spectral bleed-through by exciting the sample with interleaved laser pulses. The red peak is broad since pulsing is achieved through electro-optic modulation of a continuous wave KrAr laser. The amplitude of the cross-correlation function is proportional to the concentration of dual-labeled species. Measurement of this parameter can be obscured by a variety of artifacts that can both raise or lower the measured cross-correlation amplitude.^[@ref55]^ Using control samples that establish the upper and lower bounds of the cross-correlation measurement enables calibration of the cross-correlation signal and quantification of the amount of heterodimer formed ([SI](#notes-1){ref-type="notes"} and Figure S5).^[@ref52]^ Performing this analysis of the data shown in Figure [2](#fig2){ref-type="fig"}c provides an estimate of 52--60% yield of assembled heterodimer.

Formation of protein heterodimers was demonstrated by assembling heterodimers of Fab′ fragment--DNA conjugates, effectively reconstructing membrane-bound antibodies. Fab′ fragments can be generated from IgG antibodies, which are readily obtained against many proteins. For this study, F(ab′)~2~ fragments generated from polyclonal donkey anti-mouse antibodies were obtained from a commercial source, labeled with fluorophores, and partially reduced with 2-mercaptoethylamine (2-MEA) to produce Fab′ fragments with free thiol groups at the C-terminal regions, Figure [3](#fig3){ref-type="fig"}a.^[@ref56],[@ref57]^ The products were thoroughly desalted and treated with maleimide-functionalized 20 nt ssDNA (see [SI](#notes-1){ref-type="notes"} for procedures and Figure S6 for MALDI-TOF MS characterization data). The conjugates were purified by size exclusion chromatography (Figure [3](#fig3){ref-type="fig"}b) and analyzed by gel electrophoresis (SDS-PAGE, Figure [3](#fig3){ref-type="fig"}c). Separation of the proteins from free ssDNA is shown in the chromatogram (Figure [3](#fig3){ref-type="fig"}b). After treating the Fab′ fragments with maleimide DNA, gel electrophoresis analysis indicated a species with higher molecular weight compared to the unmodified Fab′ fragments (Figure [3](#fig3){ref-type="fig"}c). These conjugates were prepared with different sequences of DNA and labeled with distinct fluorophores so that a heterodimer could be prepared on DNA-functionalized supported membranes, as shown in Figure [3](#fig3){ref-type="fig"}d. The resulting structure was then analyzed by FCCS to measure heterodimerization (Figure [3](#fig3){ref-type="fig"}e). By comparing the cross correlation amplitude to that of a doubly labeled control sample, we determined that a 42--44% assembly yield was obtained for the heterodimeric structure. When expanded to antibody fragments with different specificities this technique provides a way to colocalize two different receptors using a convenient synthetic protocol.

![Fab′--DNA conjugates can be cross-linked on SLBs. (a) A scheme is shown for Fab′--DNA conjugate synthesis. (b) SEC separations were performed for AF647-labeled Fab--DNA conjugates. (c) An SDS-PAGE gel of (1) F(ab′)~2~. (2) Fab′ before removal of the 2-MEA reducing agent. (3) Fab′ after removal of the 2-MEA reducing agent. (4) Fab′ treated with maleimide DNA. (5) Highest molecular weight peak from SEC chromatography (blue shading), and (6) the intermediate molecular weight peak from SEC (orange shading). The entry "r" in the table indicates that the reagent has been removed, (d) FCCS analysis confirmed formation of a Fab′ heterodimer using the pooled fractions. Fits to the data are shown as solid lines. Fit residuals are shown in the inset.](ja-2012-101215_0003){#fig3}

Evaluation of nonspecific interactions between DNA functionalized membranes and living cells and accessibility of the DNA to presented cells was performed by modification of live Jurkat T-cells with surface ssDNAs, as described previously.^[@ref46]^ Cells were incubated with membranes functionalized with ssDNA sequences that were either complementary or noncomplementary to the cell surface ssDNA and a membrane of identical composition, but with no DNA functionalization. Upon washing, cells bound only to the membranes functionalized with complementary ssDNA. In addition, only one layer of cells was visible on the sample containing complementary DNA, while out-of-focus cells were visible in all samples before rinsing.

![DNA-directed ligand display. (a) Nonadherent Jurkat T-cells functionalized with ssDNA attached only to membranes functionalized with complementary DNA strands. Few bound cells were observed on a maleimide-capped sample that lacked DNA. The scale bar represents 50 μm. (b) The DNA anchored EphrinA1-YFP-His~10~ construct stimulated MDA-MB-231 cells. In these images, EphA2 was stained with an antibody after cell permeabilization and imaged with TIRF microscopy. The scale bar represents 10 μm. (c) Heterodimeric protein complexes of EGF and an inert Fab′ fragment remain intact during interaction with MDA-MB-231 cells. Phosphorylation of the EGFR receptor is observed in both cases. The scale bar represents 10 μm.](ja-2012-101215_0004){#fig4}

Presentation of a functional ligand for a cell surface receptor confirmed that membrane-anchored DNA is a useful anchor for protein presentation to live cells. EphinA1-YFP-His~10~, which stimulates the EphA2 receptor when presented from supported membrane,^[@ref58]^ was linked to NTA~3~--DNA.^[@ref59]^ This conjugate was subsequently hybridized to a supported membrane functionalized with complementary DNA. Fluorescence signal from the YFP portion of the protein--DNA conjugate confirmed the presence of the protein and FRAP analysis confirmed lateral mobility of the anchored protein. MDA-MB-231 cells were incubated with the EphrinA1-functionalized bilayers for 1 h, fixed with formaldehyde solution, and stained with an anti-EphA2 antibody. Analysis by total internal reflection fluorescence (TIRF) microscopy, which illuminates only the interface between the cell and the substrate, showed colocalization of the membrane-bound EphA2 receptors with EphrinA1, as expected from previous reports using biotin--streptavidin interactions or metal chelation.^[@ref13],[@ref58]^

The ability to direct molecules into signaling clusters was demonstrated using epidermal growth factor (EGF) presented to MDA-MB-231 cells. While EGF is typically a soluble ligand, presentation to cells from a membrane surface results in visible clustering of the ligand.^[@ref60]^ Upon conjugation to Cy3-labeled DNA (Figure S8 in [SI](#notes-1){ref-type="notes"}), hybridization of the conjugate to DNA functionalized membranes, and presentation to MDA-MB-231 cells, clustering of EGF and phosphorylation of EGFR were observed (Figure [4](#fig4){ref-type="fig"}c). A Fab′ fragment that has no binding target on the cell membrane was not observed to undergo any change in localization caused by the cell. Presentation of a heterodimer of these molecules resulted in clustering of both, and no evidence of disruption of receptor phosphorylation was observed. These observations demonstrate that colocalization between anchored molecules can be directed independently of any inherent propensity of these molecules to colocalize.

We plan to use directed dimerization to study the effect of signaling cluster composition on EphA2 signaling. EphA2 has been observed to interact with other receptors in the Eph and EGFR families of RTKs.^[@ref26]^ To provide extra stability to the EphrinA1--DNA conjugate, we designed, expressed, and purified an EphrinA1--SNAPtag fusion and conjugated this molecule to DNA (Figure S9 in [SI](#notes-1){ref-type="notes"}), a strategy also used in other studies.^[@ref32],[@ref61]^ EGF and EphrinA1 DNA conjugates were presented to MDA-MB-231 cells, which express both EGFR and EphA2 (Figure [5](#fig5){ref-type="fig"}a). While the size of a DNA heterodimer is well below the diffraction limit, differences in colocalization between samples containing monomeric ligands and samples containing dimeric ligands could be observed (Figure [5](#fig5){ref-type="fig"}b).

Analysis of fixed cells shows a clear difference in colocalization (Figure [5](#fig5){ref-type="fig"}b, see [SI](#notes-1){ref-type="notes"} and Figure S10 for a description of data analysis) between monomer and heterodimer presented samples. Since variations in the ligand distribution can be seen, we also expect to see differences in receptor distribution between cells presented with monomeric ligand and those presented with dimeric ligand. When staining the cells with an antibody against phosphorylated tyrosine 1173 (pY-EGFR) on the EGFR receptor, both colocalization measurements decrease, which is likely caused by incomplete antigen staining and some amount of nonspecific binding. Colocalization between the EphrinA1 ligand and the EGFR receptor is considerably increased in cells presented with a heterodimer, demonstrating that the EGFR is binding ligand and recruiting the EphrinA1 molecule. This observation suggests that the heterodimer is able to interact with the EGFR receptor and that ligand--receptor binding is preserved. A slight decrease in EGF--EGFR colocalization is observed in the heterodimeric sample, relative to the monomeric control, suggesting that the interaction is somewhat inhibited. This possibility is under investigation. Additionally, we are are working to purify intact complexes from cell lysate by immunoprecipitation.

![Alteration of receptor localization in cells. (a) MDA-MB-231 cells were deposited on supported membranes containing DNA bearing monomeric or dimeric ligand. (b) TIRF microscopy analysis demonstrates that the ligands appear segregated when presented as monomers but colocalized when presented as dimers. Colocalization was measured as the correlation coefficient in the EphrinAl clusters and is described in more detail in the [SI](#notes-1){ref-type="notes"}. (c) Immunofluorescence staining of pTyr-1173 residue on EGFR of the cells in (b) shows that the receptor localization is altered by presentation of these ligands. The scale bar represents 10 μm, and the error bars depict the standard error of the mean. N(monomers) = 87, N(dimers) = 137. Numbers inset in the example images denote the actual correlation coefficient of the two channels shown in that particular image.](ja-2012-101215_0005){#fig5}

Conclusions {#sec3}
===========

We have demonstrated the ability of DNA anchors extending from supported membranes to present functional protein ligands to cells and have also shown that this strategy is capable of generating heterodimeric structures that can direct the molecular composition of cell membrane receptor clusters.

Full experimental procedures, image analysis workflow, and additional characterization data. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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